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Abstract. The densities of chemoautotrophic and meth-

anotrophic symbiont morphotypes were determined in life-

history stages (post-larvae, juveniles, adults) of two species
of mussels (Bathymodiolus azoricus and B. heckerae) from

deep-sea chemosynthetic environments (the Lucky Strike

hydrothermal vent and the Blake Ridge cold seep) in the

Atlantic Ocean. Both symbiont morphotypes were observed

in all specimens and in the same relative proportions, re-

gardless of life-history stage. The relative abundance of

symbiont morphotypes, determined by transmission elec-

tron microscopy, was different in the two species: chemo-

autotrophs were dominant (13:1-18:1) in B. azoricus from

the vent site; methanotrophs were dominant (2:1-3:1) in B.

heckerae from the seep site. The ratio of CH4 :H 2 S is pro-

posed as a determinant of the relative abundance of symbi-
ont types: where CH4 :H 2 S is less than 1, as at the Lucky
Strike site, chemoautotrophic symbionts dominate; where

CH4 :H 2 S is greater than 2, as at the seep site, methanotrophs
dominate. Organic carbon and nitrogen isotopic composi-
tions of B. azoricus (5

I3 C = -30% e ; 5
15 N = -9%r) and B.

heckerae (S
I3 C = -56% c ; 5

15 N = -2%o) varied little

among life-history stages and provided no record of a larval

diet of photosynthetically derived organic material in the

post-larval and juvenile stages.
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Introduction

Mussels in the genus Bathymodiolus are biomass domi-

nants at many known deep-sea hydrothermal vent and cold

seep habitats, where they are host to endosymbiotic, au-

totrophic bacteria in their gills. Anatomical and nutritional

relationships between the symbionts and their adult hosts is

well documented (e.g., Distel el al, 1995; Robinson et ai.

1998; Southward et al.. 2001; Fiala-Medioni et al.. 2002;

Raulfs et al., 2004). Although bathymodiolin mussels may
be able to obtain some nutrition by suspension feeding (Le

Pennecera/., 1990; Page et al., 1991; Fujiwara et al., 1998),

most of the nutrition of adult mussels is derived from their

symbionts (Fisher et al.. 1988; reviewed in Fisher, 1990;

Childress and Fisher. 1992; Kochevar et ai, 1992). Larval

stages of vent mussels are pelagic and have been described

as planktotrophic (Lutz et al., 1980; Berg, 1985; LePennec
and Beninger, 2000), but the distribution of mussel larvae in

the water column, the nature of their planktonic diet, and the

trophic transition that takes place as they become benthic

are all unknown.

Some mussel species host only chemoautotrophic (also

referred to as thiotrophic), sulfur-oxidizing bacterial sym-
bionts (Nelson et al.. 1995; Fujiwara et al.. 2000); other

species host only methanotrophic symbionts (Fujiwara et

al., 2000; Barry et al., 2002); and still others host both types
of bacteria ("dual symbionts"; Fisher et al., 1993; Robinson
et al., 1998; Fiala-Medioni et al., 2002). Dual symbionts
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provide obvious advantages to host individuals recruiting to

environments where the availability of substrates is unpre-

dictable or fluctuating (Cavanaugh et al. 1992; Robinson et

i/l.. 1998; Fiala-Medioni et al., 2002). but the host is also

challenged to recognize and sequester two different micro-

bial types within its cells, while excluding pathogenic or

otherwise harmful bacteria. There is some empirical evi-

dence that the relative abundance of dual symbionts within

adult mussels of a given species can vary in response to

environmental parameters (Trask and Van Dover, 1999;

Fiala-Medioni et ui, 2002), although in situ studies involv-

ing transplant experiments have yet to be reported, and the

manner through which these symbiont populations are reg-

ulated is unclear. Although the mode or modes of acquisi-

tion of dual symbionts in the earliest life-history stages of

mussels is also uncertain, a recent report (Won et ul., 2003)

provides evidence for environmental acquisition of chemo-

autotrophic symbionts in Bathymodiolm azoricns von Cosel

et al., 1999; and B. puteoserpentis von Cosel et al. 1994

from hydrothermal vents. If symbionts are acquired from

the environment, rather than by maternal transfer, then

acquisition of dual symbionts need not be simultaneous and

may be a response to ontogenetic or environmental condi-

tions of the host mussels. Furthermore, it is not inconceiv-

able that juveniles and adults might use sulfide and methane

in different proportions so as to minimize intraspecific com-

petition, or that juveniles and adults occupy different micro-

zones within diffuse flow vents with different relative avail-

abilities of sulfide and methane, and that these conditions

might be reflected in the relative abundance of the symbiont

types (Trask and Van Dover. 1999; Cola?o et al., 2002;

Fiala-Medioni et al., 2002).

Adults of B. azoricns from the Lucky Strike vent site on

the Mid-Atlantic Ridge (Fig. 1) are known to host chemo-

autotrophic and methanotrophic symbionts in their gills; the

evidence is based on ultrastructural, biochemical, isotopic.

and immunological characterization (Fiala-Medioni et al.,

2002). Adults of B. heckerae from the Blake Ridge seep site

off the coast of South Carolina (Fig. 1 ) are also reported to

host dual symbionts; this report is based on ultrastructural

and isotopic evidence (Van Dover et al.. 2003). In this

study, we used transmission electron microscopy (TEM) to

explore the composition and density of symbionts in early

life-history stages (i.e., post-larvae and juveniles) of these

species, as well as in adults. Mussel recruits often occur in

large numbers (>1000 trT
2

) in mussel beds (CLVD, pers.

obs.). The most recent arrivals (post-larvae) are between 0.6

and 1.2 mmin shell length and are recognizable by the

presence of prodissoconch I and II shells and the lack of

dissoconch shell growth. In addition to lines of demarcation,

prodissoconch and dissoconch shells are conveniently dif-

ferentiated by shell color: prodissoconch shells are pink or

red; dissoconch shell material is yellow.

Weaimed in this study to determine whether chemoau-
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Figure 1. Location of sampling sites. LS =

Lucky Strike hydrothermal

vent, Mid-Atlantic Ridge; BR = Blake Ridge cold seep.

totrophic and methanotrophic symbionts are present in the

very earliest benthic stages, which would indicate simulta-

neous or near-simultaneous acquisition of both symbiont

types early in the life history of the mussels. Wealso asked

whether the relative abundance of chemoautotrophs and

methanotrophs includes an ontogenetic factor. In addition to

using transmission electron microscopy for quantitative as-

sessment of symbiont populations, we used carbon and

nitrogen stable isotopes in an attempt to detect isotopic

remnants of a photosynthetically based larval diet in post-

larval tissues, to interpret the relative abundance of symbi-
ont types within and between mussel species, and to deter-

mine whether the contribution of chemoautotrophic and

methanotrophic production to host nutrition varied with the

size of the mussel.

Materials and Methods

Sample collection

The deep-submersible vehicle Alvin was used to collect

samples of adult mussels and their associated fauna. Butliy-

modiolus azoricus mussels were collected in July 2001 from

Eiffel Tower at the Lucky Strike hydrothermal vent field

[Mid- Atlantic Ridge. 3717.5'N. 3216.5'W: 1687 m; see

Van Dover et al. ( 1996) for site description]. Bathymodiolus

heckerae was collected in September 2001 from the Blake

Ridge methane-hydrate seep [western Atlantic, 3231'N,

76 12'W; 2170 m; see Van Dover et al. (2003) for site

description). The mussels were rinsed over a 250- /urn sieve

with chilled (4 C), 10-/j,in filtered seawater. To collect
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post-larval and juvenile mussels, fresh, sieved material was

sorted under a dissecting microscope.

Mussels were separated into classes based on shell color,

shell morphology, and shell length. The smallest size class

consisted of post-larval mussels with pinkish-red prodis-

soconchs (I and II) and with shell lengths within the range

of 0.12 to 0.60 mm. Early juveniles, herein referred to as

"Jl", were characterized by the presence of a narrow band

of yellow dissoconch shell and by shell lengths within the

range of 0.6 to 1 .2 mm. Four additional juvenile size classes

were designated, with shell lengths in the following ranges:

J2: 1.2-2.4 mm; J3: 3.6-4.8 mm: J4: 4.8-6.0 mm; and J5:

6.0-8.4 mm.

Transmission electron microscop\

A 0.5-cm-wide section of tissue was dissected from the

middle of the gill of adult and larger juvenile specimens.
Where mussels were too small to be dissected (i.e.. post-

larvae and juvenile stages J-l and J-2), the shells were

cracked to allow fixative to penetrate the tissue. Bath\mo-

diolus azoricus tissues were fixed for about 3 weeks in 3%
glutaraldehyde with 0.1 M cacodylate buffer and 0.4 M
NaCl (pH 7.8). Bathymodiolus heckerae tissues were fixed

for about 48 hours in 3% glutaraldehyde with 0.1 Mphos-

phate buffer and 0.25 M sucrose (pH 7.4). Samples were

rinsed in 0.1 Mphosphate buffer containing 0.25 Msucrose

and were post-fixed in a I7c osmium tetroxide solution. The

shells of post-larvae and juveniles were dissolved by a 24-h

immersion in 2.5 g EDTA/100 ml buffer solution. Speci-

mens were dehydrated in a graded acetone series and

stained en bloc with 2%uranyl acetate. Gill tissue or whole

individuals were infiltrated with Embed 812 epoxy embed-

ding medium, polymerized, cut into 70-nm to 80-nm thin

sections, and stained with lead citrate. Gill sections were

viewed with a Zeiss 109 transmission electron microscope.

Densities of bacterial morpliotvpes

The density of bacterial morphotypes is defined here as

the number of methanotrophic or chemoautotrophic cells

per 15.5 /iirr within the apical region of bacteriocytes in

transverse section (Fig. 2). The areal dimension and location

were chosen because they approximately cover the region of

a bacteriocyte that contains symbionts. For each specimen,
three transverse sections were cut through the middle of the

gill filaments (3 to 6 gill filaments per section) at intervals

greater than the maximum diameter of the bacteria (i.e.. ^

2.0 jam) to ensure that a particular bacterial cell was counted

only once. Fifteen 15.5-jLtm
2

areas per section were haphaz-

ardly selected at low magnification (240X ) for bacterial cell

counts. Where an area selected haphazardly at low magni-
fication was not located in the apical region of a bacterio-

cyte, the specimen was adjusted until the apical region of

that bacteriocyte filled the field of view. Counts were earned

fc

.

Figure 2. Transmission electron micrograph mosaic of a transverse

section through a post-larval specimen of Bathymodiolus azoricus (0.12 to

0.60 mmin shell length) gill filament, ce, ciliary cell; fc, frontal cilia; Ic.

lateral cilia; lu, lumen; ly. lysosomal-like residual body; n, nucleus; m,

methanotrophic morphotypes; arrowheads, chemoautotrophic morpho-

types; double-ended arrow, apical region of bacteriocyte. Scale bar =

out at high magnification (48.000X) and included all bac-

terial cells that were in the field of view and those cells that

were intersected by the upper and right margins.

The density of bacterial morphotypes was estimated for

mussels of different sizes within each species, as follows:

Bathymodiolus azoricus 3 post-larvae, 5 Jl, 5 J2, 5 J3, and

4 adults; B. heckerae 3 post-larvae, 5 Jl, 4 J2, 5 J3. and 4

adults. The Kruskal-Wallis nonparametric test for a one-

way design was used to assess variations in median density

of each morphotype within a mussel species (a = 0.05).

Stable isotope analvses

Foot, gill, and mantle tissue was dissected, variously,

from adult mussels (>20 mmin shell length) and placed in

a drying oven (70 C) for 24 h. Due to their small size,

post-larval and juvenile mussels (<8 mmin shell length)

were pooled [post-larvae: 35 individuals per pooled sample;

juvenile size classes (Jl through J5): 2 individuals pet-

pooled sample]. These pooled samples were dried whole,

then soaked in 10% HCI to remove the shell carbonate, and

then re-dried. Subsamples of dried, acidified tissues were
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ground to a tine powder and packaged in tin capsules.

Samples were transformed to CO-, and N2 for isotope anal-

ysis with a Carlo Erba elemental analyzer coupled to an

OPTIMA stable isotope ratio mass spectrometer (Micro-

mass, Manchester, UK). Carbon and nitrogen isotopes were

determined with a single combustion in a dual-furnace

system composed of an oxidation furnace at 1020 C and a

reduction furnace at 650 C. The resulting gases were

purified by gas chromatography, chemically dried, and in-

jected into the source of the mass spectrometer by contin-

uous flow.

Stable isotope ratios are reported in the following nota-

tion: 8
XE =

[fl sampie /fl, landard
-

1] 10
3

(%c), where X is the

heavy isotope of element E, and R is the abundance ratio of

the heavy to light isotopes of that element (i.e.,
13

C/
I2 C and

I5 N/ I4
N). Stable isotope compositions were calculated rel-

ative to the international standards for carbon (Pee Dee

Belemnite limestone, PDB) and nitrogen (atmospheric N2 ,

air), which have defined 8
XE values of 0.0%o. Isotope values

are reported as means ( standard deviation). Statistical

comparisons of isotopic compositions between small and

large mussels were made after defining a post hoc 8-mm

boundary based on the relationship between isotopic com-

position and shell length.

Results

Gill ultrastructure

The number of gill filaments and the length of the dorsal-

ventral axis of the gill filaments increase with shell length

and volume of the individual. The increase in gill-filament

length reflects an increase in the number of bacteriocytes

and intercalary cells constituting the gill filament. Cells

exhibiting two distinct morphotypes were observed with

transmission electron microscopy within gill epithelial cells

(bacteriocytes) of all stages of Bathymodiolus azoricus and

B. heckerae (total number of specimens examined = 43)

and were interpreted to be bacteria (Figs. 2, 3). Both bac-

terial morphotypes, either singly or in groups of two or more

cells, were contained in vacuoles surrounded by a peribac-

terial membrane. The larger, round-to-oval-shaped morpho-

types did not differ in size within the different host mussel

species, and had an overall mean diameter of 1.1 jam (

0.06 SE; n = 165). These large cells contained stacks of

complex intracytoplasmic membranes, characteristic of type

I or type X methanotrophic bacteria (Cavanaugh et al.,

1992). The smaller morphotype was also similar in size

within the different host mussel species, and had an overall

mean diameter of 0.31 /am ( 0.05 SE; n = 165). This

smaller cell type was coccid or, less frequently, rod-shaped,

lacked intracellular membranes, and resembled chemoau-

totrophic bacteria (Cavanaugh et al., 1992). Because these

two morphotypes were of the same general size and ultra-

structure as the two types of symbionts described from other

bathymodiolin mussels (Cavanaugh et al.. 1987; Fisher et

al., 1993; Distel et al., 1995; Fiala-Medioni et al., 2002), we
refer to them herein as chemoautotrophic and methanotro-

phic symbiont morphotypes, or simply as chemoautotrophs
and methanotrophs.

Divisional stages of chemoautotrophic and methanotro-

phic bacterial morphotypes were observed in all size classes

of both mussel species. Transverse sections of bacteriocytes

that contained only a single symbiont type were rarely

observed. Apparent lysosomal digestion of symbionts

(Fiala-Medioni et al., 1986, 2002; Kochevar et al., 1992)

was indicated by the presence of cellular components re-

sembling lysosomal residual bodies in the basal portion of

the bacteriocytes (Figs. 2, 3). These bodies appeared to

contain remnants of partially digested bacterial cells of both

types and were observed regularly in both species of mussel

and in all size classes examined.

Possible instances of endo- or exocytosis of symbionts

(e.g.. Fig. 4A) were observed in several B. azoricus and B.

heckerae individuals, but, due to the static nature of trans-

mission electron microscopy, we could neither infer which

of these two processes was taking place nor even eliminate

the possibility that this observation was an artifact of fixa-

tion. Abnormally large vacuoles filled with chemoautotro-

phic or methanotrophic bacterial morphotypes, or both,

were occasionally observed in B. azoricus mussels (Fig.

4B).

In several B. azoricus individuals, bacteriocytes seemed

to be separated from adjacent bacteriocytes and were

rounded off at their basal portion (Fig. 4C). In other cases,

bacteriocyte cell membranes and most of the peribacterial

membranes were disrupted (Fig. 4D).

Chemoautotrophic and methanotrophic bacterial morpho-

types were also observed in the mantle epithelium of post-

larval and juvenile B. azoricus and B. heckerae mussels

(Fig. 4E, F). Mantle epithelial cells containing symbiont

morphotypes were similar in ultrastructure to gill bacterio-

cytes. Cellular components resembling lysosomal residual

bodies were also observed near the basal nuclei of mantle

bacteriocytes. Bacteria-like bodies, with dimensions and

ultrastructural characteristics resembling those of chemoau-

totrophic and methanotrophic symbiont morphotypes of the

gill and mantle, were also observed in the gut lumen of

several post-larvae.

Density' of bacterial symbiont morphotypes

Total average density of symbionts was 4 to 5 times

greater in B. azoricus than in B. heckerae (Fig. 5). Meth-

anotrophic morphotype densities in B. azoricus were uni-

formly low (mean density < 4 cells per 15.5 /am
2

) in all size

classes examined; chemoautotrophic morphotype densities

(mean density between 23 and 40 cells per 15.5 jam" in 17

of 22 specimens) were an order of magnitude greater than



SYMB10NTPOPULATIONS IN SEEP AND VENT MUSSELS 149

bl

Figure 3. Transmission electron micrographs of transverse sections

through (A) Barhymoiliolua uzoricim and (B) B. heckerae mussel gill

tilaments of juveniles (JI size class), bl, basal lamina; er. endoplasmic

reticulum: ly, lysosomal-like residual body; mt. mitochondrion; n. nucleus;

m. methanotrophic morphotypes; arrowheads, chemoautotrophic morpho-

types. Scale bars =
1 ^m.

methanotrophic morphotype densities (Fig. 5 A). Variation

in densities of both morphotypes was maximal in the small-

est, post-larval size class. No significant differences in me-

dian symbiont densities were detected in Kruskal-Wallis

comparisons of size-class pairs within B. azoricus (chemo-

autotrophs. P = 0.1 15: methanotrophs. P = 0.383).

Methanotrophic symbionts accounted for more than 60%

of the total bacterial symbiont density in B. heckerae, com-

pared to less than 10% in B. azoricus (Fig. 5). Methanotro-

phic and chemoautotrophic densities were uniformly low in

B. heckerae (mean density of both morphotypes combined.

< 15 cells per 15.5 jam
2

) in all size classes examined (Fig.

5B). The median density of symbionts in B. heckerae did

not differ among the size-classes examined (chemoau-

totrophs. P = 0.67; methanotrophs, P = 0.342).

Stable isotopic compositions

A difference of more than 25 c
/ was measured in the 5

13 C

compositions (Fig. 6) of B. azoricus (~ 30%o) and B.

heckerae (- 56%c). Within B. azoricus, the 5
13 C compo-

sition was enriched in
L1 C (by 3%<-<) in juvenile mussels (<8

mmshell length) compared with larger mussels (>20 mm
shell length). Average 8

15 N values of mussel tissues (Fig. 6)

were also different in the two species (B. azoricus: - 9%c;

B. heckerae: - -
29cc), and there was a small (~-1.6%o)

difference in the nitrogen isotopic composition of small and

large individuals of B. azoricus. Average 8
I? N values were

enriched in
15 N by ~5.5%c in large individuals of B. heck-

erae (>20 mm) compared to small ones (<8 mm), whether

the comparison was made using values for gill or mantle in

the larger individuals.

Discussion

Descriptive characteristics of the symbionts

Gill tissues of Bathymocliolus azoricus and B. heckerae

post-larvae from vent and seep mussel beds contain cells

that we infer to be methanotrophic and chemoautotrophic

endosymbionts on the basis of their size and ultrastructural

characters. The presence of both symbiont morphotypes in

the earliest, post-larval benthic stage of the mussels suggests

that the mussels are autotrophically competent to oxidize

sulfide and methane as soon as they arrive at a vent site or

very shortly thereafter. The absence of symbionts in post-

larvae would have been consistent with a horizontal mode

of transmission; the presence of symbionts in post-larvae

does not allow us to resolve the mode of symbiont trans-

mission.

The presence of chemoautotrophic and methanotrophic

symbiont types was not limited to gill tissues; symbionts

were also found in mantle epithelial cells of post-larvae and

juveniles. Bacteriocytes located along that surface of the

mantle exposed to the mantle cavity, and thus to the water

flow generated by gill cilia in post-metamorphic mussels,

were morphologically indistinguishable from bacteriocytes

in the gill epithelium. Qualitative observations indicate that

bacteriocytes in both locations contain similar densities and

ratios of endosymbionts. Mantle and gill bacteriocytes also

contained cellular components resembling lysosomal resid-

ual bodies, consistent with digestion of bacteria and nutri-

tional reliance on symbionts by host mussels (Fisher, 1990;

Cavanaugh et ai, 1992; Fiala-Medioni et ai, 2002; Barry et

al.. 2002). The observation of mantle bacteriocytes is not

unprecedented, although this is, to our knowledge, the first

record for a vent mussel. Streams et al. (1997) observed

coccid bacteria resembling gill endosymbionts in the mantle
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contrast to digested symbionts observed during the process

of cell death in Riftia pachyptila (Bright and Sorgo, 2003).

The specific processes of cell death, as well as the fate of the

symbiotic bacteria, remain to be studied in bathymodiolin

mussels.

Quantitative comparisons of symbiont densities

Symbiont population densities are consistently different

in the host species studied. Total (i.e., chemoautotrophic

and methanotrophic) symbiont density within gill bacterio-

cytes was 4 to 5 times greater in B. azoricus than in B.

heckerae and was independent of size class. The ratio of

chemoautotrophs to methanotrophs was also species-spe-

cific and independent of size class, with chemoautotrophs

much more numerous than methanotrophs (13:1 to 18:1) in

B. azoricits, and with methanotrophs nearly equal to. or

moderately more numerous than, chemoautotrophs (2:1 to

3:1) in B. heckerae. Although the total symbiont densities

are different in the two species, the volume of a gill bacte-

riocyte occupied by symbionts is qualitatively similar, be-

cause the two symbiont morphotypes differ in their size and

relative abundance.

The lack of significant differences in symbiont densities

and relative abundances among the size classes examined

within the two mussel species suggests that there is no niche

separation at the level of symbiont populations between the

juvenile mussels and the adults. Density data also offer no

evidence for an acquisition priority for one symbiont type

over the other in either mussel species, or for a systematic

ontogenetic shift in the relative density of symbiont mor-

photypes. We infer that gill symbionts of post-larvae, juve-

niles, and adults within a mussel population compete for

methane and sulfide in the same relative proportions, and

that the symbiont densities are regulated. The mode of that

regulation whether by host control mechanisms, by den-

sity-dependent control mechanisms elicited by the bacterial

symbionts, or by the environment remains unknown.

Relationships among symbiont densities, stable isotope

compositions, life-history stages, and the environment

The dominance of chemoautotrophs over methanotrophs

in B. azoricus, and of methanotrophs over chemoautotrophs

in B. heckerae. is consistent with the limited data available

on sulfide and methane availability at the Lucky Strike vent

and the Blake Ridge seep. At the Eiffel Tower site (Lucky

Strike), sulfide concentrations (2.1 mM) were higher than

methane concentrations (0.68 mM; Charlou et ai, 2000) in

end-member fluids (i.e., high-temperature fluids [350 C]

emanating from black smokers). At the methane-hydrate

seep site, pore-water methane concentrations were as much

as 3.4 mM, while dissolved sulfide concentrations in pore-

waters were 1.3 mM(Paull et ai. 1996). The only estimates

available thus suggest that the ratio of CH4 :H 2 S is less than

1 at the Lucky Strike site, where chemoautotrophic symbi-

onts dominate, and greater than 2 at the seep site, where

methanotrophs dominate. While the relative dominance of

chemoautotrophs and methanotrophs can be site-specific

within a species, presumably in response to environmental

availabilities of sulfide and methane (Trask and Van Dover.

1999; Fiala-Medioni el al. 2002). coordinated measure-

ments of symbiont density and the chemical environment of

the host mussels have yet to be undertaken.

Stable carbon and nitrogen isotopic compositions of mus-

sel tissues were also species-specific. The 259cc difference in

8
13 C between the tissues of seep mussels and vent mussels

reflects differences in the source of methane at the seep

(bacterially derived; 8
13 Cmethane

= -67.8%?; Paull et al..

1995, 2000) and at the vent (thermogenically derived;

6'
3Cmethane

= - 13.77ft to -
12.7%c; Radford-Knoery et al,

1998; Charlou et al. 2002). as well as the relative contri-

butions of methanotrophs and chemoautotrophs to mussel

nutrition. The range of 6
13 C values reported here for B.

azoricus adult and juvenile mussels collected from Eiffel

Tower in 2001 (-26.3%c to -35.6%c) is very close to the

range of values reported for adult mussels ( 28.7%c to

-33.4%c) collected from Eiffel Tower in 1996 (Trask and

Van Dover. 1999) and is within the range reported for

bathymodiolin mussels that host only chemoautotrophic en-

dosymbionts (Fisher, 1990). The methanotroph-to-chemo-

autotroph ratio for 6. azoricus from Eiffel Tower at Lucky

Strike (this study) is identical to that of B. azoricus adults

sampled from the same locale in 1996 (Trask and Van

Dover, 1999). Because carbon stable-isotope ratios in mus-

sel tissues and ratios of methanotrophs to chemoautotrophs

in B. azoricus remained essentially unchanged between

sampling periods, and assuming that ratios of meth-

anotrophs to chemoautotrophs shift in response to fluid

chemistry, it seems likely that the relative availability of

methane and sulfide at Eiffel Tower was the same in 1996

and 2001.

The relationships among relative symbiont density, rela-

tive availability of CH4 and dissolved H2 S, and carbon

stable-isotopic compositions may prove to be relatively

straightforward in mussels with dual symbionts on the Mid-

Atlantic Ridge, and independent of the mussel species

(Trask and Van Dover, 1999; Colaco et al.. 2002; Fiala-

Medioni et ul.. 2002). The carbon isotopic composition of

the source methane varies from site to site on the Mid-

Atlantic Ridge, but falls in a range of roughly -13%r to

-18%f (Charlou et al.. 2002). and cannot explain much of

the observed variation in the carbon isotopic composition of

mussel gills at these vent sites. Interpretation of carbon

isotopic fractionation associated with dual symbioses in

mussels may be complicated by the availability of methane-

derived CO2 as a substrate for sulfide-based autotrophic

metabolism within the bacteriocytes (Fisher. 1993; Fiala-

Medioni et al., 2002). Nevertheless, 5
13 C values reported
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for B. azoricus and B. puteoserpentis from Mid-Atlantic

Ridge vents are positively related to the ratio of CH4 to H2 S

in the end-member fluids (Fig. 7). Ratios of methanotrophs
to chemoautotrophs are so far reported only for B. a-oricus

from Lucky Strike and Menez Gwen (Trask and Van Dover,

1999; Fiala-Medioni el ai, 2002; this study) and for B.

heckerae from the Blake Ridge seep (this study), and are

consistent with the model of increasing density of meth-

anotrophs as the ratio of CH4 to H2 S increases (Fig. 7). The

relationships in Figure 7 are intriguing, but low-temperature
fluid chemistry, symbiont densities, and isotopic composi-
tions of fluids and host mussel tissues remain to be deter-

mined in a systematic manner across a range of CH4 :H 2 S

values for any given species. These relationships should

ultimately prove powerful in the analysis of energy flow in

dual-symbiont mussel systems.

Tissues from B. heckerae were consistently more en-

riched in
!> N than tissues from B. azoricits. Lacking any
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Figure 7. Relationship between the 8
i:> C of source methane, the 8"C

of mussel gill tissue, the ratio of methanotrophs to chemoautotrophs in gill

bacteriocytes of mussels (identified as Bp: Bathymodiolus puteoserpentis;

Ba = B. azoricus: Bli = B. heckerae}, and the ratio of methane to sulfide

(CH 4 :H,S) in end-member fluids of vent sites. CH4 :H 2 S for seep porewater
is indicated by the dotted vertical line. Sites are identified at the top of the

figure. Line A: 8
n CgM

= 4.5 (CH 4 :H 2 S) 36% ; r = 0.87. Line B: Ratio

of methanotrophs to chemoautotrophs
= 0.55 (CH4 :H,S) 0. 17%t ; r -

0.98. CH4 :H
2 S regimes where chemoautotrophs or methanotrophs are

predicted to dominate in mussels with dual symbionts are identified by the

horizontal arrows; the dashed line connecting the arrows emphasizes the

fact that this is a model. Methane isotope data and CH4 :H,S ratios are from

Charlou er ul. (2002) and Paul er ai ( 1995, 1996): ratios of methanotroph
to chemoautotroph are from Fiala-Medioni el ul. (2002) and this study.

information about the isotopic composition of the nitrogen

source used by these symbioses at either the seep or the vent

site, we cannot interpret these differences. Within B. heck-

erae, larger mussels ( > 40 mmin shell length) had nitrogen

isotopic compositions about 5.59<- more enriched in
]> N

than post-larval and juvenile mussels (Fig. 6). consistent

with an increased contribution of photosynthetically derived

organic material in larger mussels. Nevertheless, alternative

explanations, including variation in the isotopic composi-
tion of the nitrogen source available to the different-sized

mussels, seem just as likely.

The small oocyte size and morphology of the prodis-

soconch II shells of B. thermophilns led Lutz el til. ( 1980)

to conclude that B. thermophilus (found at vents on the

East Pacific Rise) has a planktotrophic larval stage with

long-distance dispersal capabilities. The similarly small

oocyte size (50 /urn in diameter) and prodissoconch II

size and morphology (shell length
= 100 to 600 jum) of

B. nzoricits and B. heckerae (this study) led us to a

similar conclusion about their larval development strate-

gies. Weexpected that the post-larval tissues of species
with planktotrophic larvae would thus retain a history of

a diet of photosynthetically derived organic carbon and

nitrogen (i.e., 6
13 C of - -25.27; S

1SN of + 8.5 to +9.7%*;

Benner et ai, 1997). Indeed, diets of photosynthetic origin

have been documented for the dispersive stages of vent

species. Vent shrimp, for example, have planktonic larvae

(Herring and Dixon, 1998), and juveniles of Mirocans

fortunata newly arrived at vent sites contain high concen-

trations of wax ester and (n-3) poly-unsaturated fatty acids,

which are presumed to be of photosynthetic origin (Pond ct

ul., 1997). Juveniles of the shrimp species Rimicuris e.wcu-

Ititu have bulk carbon isotopic compositions that are distinct

from adults, but that approach values expected for photo-

synthetically derived organic material (Polz et ai, 1998,

Van Dover. 2000).

In this study, however, we found no convincing isotopic

evidence for a larval diet of photosynthetically derived

organic material in post-larval specimens of either mussel

species that we examined. The nitrogen isotopic composi-
tions of post-larvae of both species were so negative

( 2.5^c to 9%o) as to seem difficult, if not impossible, to

derive from a diet dominated by photosynthetically derived

organic material. The surprising lack of a compelling pho-

tosynthetic isotopic signal, together with evidence from

transmission electron microscopy that post-larval mussels

have well-developed symbiont populations, suggests that

the diet of mussel larvae merits further attention. Lipid
biomarker analysis of mussel larvae collected in plankton
nets or sediment traps away from vent sites, and transmis-

sion electron microscopy of gill and mantle tissues in these

larvae, should help to resolve the nutritional status and

timing of acquisition of endosymbionts in bathymodiolin
mussels.
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